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Introduction
Proper function of the workhorses of a cell, the proteins, is essential for all organisms. Statistic folding errors during synthesis or folding mistakes induced upon stresses like heat, oxidation or heavy metal ions require a functional protein quality control machinery, which recognizes misfolded proteins and delivers them to an elimination system [1, 2] . Impairment of the quality control and elimination system leads to severe diseases in humans as are Alzheimer's-, Parkinson's-, Huntington's-, Creutzfeldt-Jakob-and many other diseases [3, 4] . About 30% of proteins of a eukaryotic cell are proteins of the secretory pathway, which function in the ER, the Golgi apparatus, the lysosome, the cell membrane or the exterior of the cell. The ER contains the protein folding factory for these proteins [5] [6] [7] . After import into the ER in an unfolded state, it is a specialty of proteins of the secretory pathway to acquire certain modifications during the folding process, as is the formation of disulfide bonds and N-glycosylation. The status of protein folding is also efficiently scanned in this organelle on the level of exposed hydrophobic regions and glycan modification. An array of chaperones, co-chaperones, oxido-reductases, glycan chain modifying enzymes and lectins is constantly in a dynamic action to fold and scan a protein for proper folding [8] [9] [10] [11] . After having passed the quality control, a protein is either released for further transport through the secretory pathway to its site of action or, when incorrect, is retained in the ER and retrograde transported across the ER membrane back into the cytosol, where it is rapidly degraded by the ubiquitinproteasome-system [8, [12] [13] [14] [15] [16] [17] . It is between retrograde transport to the cytoplasm and degradation of the misfolded substrates by the proteasome where an ATP consuming machine, the Cdc48-Ufd1-Npl4 complex, acts as a motor required for substrate delivery to the proteasome. Cdc48 (yeast) was found as p97/VCP in mammals, TER94 in fly and CDC-48 in nematodes. However, we will use the term Cdc48 throughout this review article, irrespective of the organism used in the cited articles.
Import of proteins into the ER, folding and quality control
Proteins of the secretory pathway are imported into the ER in an either co-translational or post-translational fashion. The membrane translocation occurs via Sec61, a component of a large multiprotein complex providing the channel for protein entry [7, 18] . Global folding of the protein occurs right upon its entry into the ER lumen. At the same time disulfide bonds are formed and sugar chains are added. Major players of the folding process are chaperones and their co-factors, protein disulfide isomerases, the oligosaccharyltransferase (OST) complex, carbohydrate trimming enzymes and lectins [5] [6] [7] [8] [9] [10] [11] [19] [20] [21] . Proteins unable to reach their final conformation are mainly degraded by a process named ERAD.
The eukaryotic model organism yeast Saccharomyces cerevisiae has been a pacemaker in studies on ERAD [12] [13] [14] [15] [16] [17] . According to the location of the misfolded protein domain relative to the ER, three types of ERAD substrates have been defined. (i) ERAD-L substrates carrying their misfolded domain in the lumen of the ER, (ii) ERAD-M substrates having a misfolded domain in the ER membrane and (iii) ERAD-C substrates exposing a misfolded domain into the cytoplasm [22, 23] .
In yeast, two polytopic RING-finger type ER membrane embedded ubiquitin ligases, Hrd1/Der3 [24] [25] [26] [27] and Doa10 [28, 29] are required for polyubiquitylation of these substrates to render them to proteasomal proteolysis. While ERAD-L and ERAD-M substrates are targets of the ubiquitin ligase Hrd1/Der3, ERAD-C substrates are mainly targets of Doa10. The mammalian equivalents of the yeast ligase Hrd1/Der3 are HRD1 and gp78. TEB4 (MARCH-IV) is the equivalent of yeast Doa10 [30, 31] . However, the clear definition of two ERAD recognition pathways was only possible for yeast up to now (Fig. 1) .
Substrates are not exclusively dependent on either E3 ligase system, Hrd1/Der3 or Doa10. Both pathways exhibit some plasticity: A Doa10 substrate can for instance also in part be a target of the Hrd1/Der3 ligase [32, 33] . As compared to yeast, the mammalian repertoire of ER-associated E3 ligases has significantly expanded [34] [35] [36] making a high plasticity in the use of different recognition pathways of misfolded ERAD substrates likely. Even the participation of a cytosolic E3 in ERAD is possible [34, 35, 37] .
When a misfolded protein of the ER is discovered as such, either because it has been retrograde transported back to the ER surface or because in its membrane location it presents a misfolded domain to the cytosolic environment, it is recognized by the respective E3 ubiquitin ligase [38] and polyubiquitylated. In yeast the major ubiquitin conjugating enzymes working together with the two E3 ligases are Ubc7 and Ubc6 [12] [13] [14] [15] [16] [17] . A third ubiquitin conjugating enzyme, Ubc1, has only been shown to work together with Hrd1/Der3. Ubc7 is recruited to the ER membrane via the membrane protein Cue1 [34, 39, 40] , while Ubc6 is tail-anchored in the ER membrane. The mammalian orthologues of Ubc6 and Ubc7 are Ube2j1 as well as Ube2j2 and Ube2g1 as well as Ube2g2, respectively [34] .
Prior to ubiquitylation, the different ERAD substrates have to be recognized and excluded from folding intermediates and properly Fig. 1 . Cdc48 in ERAD of yeast. Misfolded proteins in the ER lumen (ERAD-L recognition pathway) and in the ER membrane, the misfolded domain facing the cytosol (ERAD-C recognition pathway), are discovered and polyubiquitylated at the outer surface of the ER by two polytopic membrane localized ubiquitin ligases, Hrd1/Der3 and Doa10, respectively. At this stage the ternary Cdc48-Ufd1-Npl4 motor complex takes over, makes contact with the misfolded protein and prepares it for delivery to the proteasome for degradation. Besides Ubx2, recruiting the Cdc48 complex to the ER membrane and by this bringing the complex into contact with Hrd1/Der3 and Doa10, the Der1 homologue Dfm1 is able to bind Cdcc48 via its SHP domain. For details, see text.
folded proteins. As compared to ERAD-C, the recognition pathway of ERAD-L substrates is rather complicated. A standard substrate of this pathway is CPY*, a mutated vacuolar (lysosomal) peptidase of yeast, which has led to the discovery of the major principles of ERAD [41] [42] [43] . After post-translational import into the ER, the mutated protein is N-glycosylated at four sites. In general, folding in the ER is controlled by chaperones detecting hydrophobic patches on the surface of a protein accompanied by a trimming process of the N-linked Glc 3 -Man 9 -GlcNAc 2 carbohydrate [9, 11, [44] [45] [46] [47] [48] . Specifically, CPY* is contacted by the Hsp70 chaperone of the ER, Kar2, which is linked to its Hsp40 cofactors Jem1 and Scj1 [49] [50] [51] (Fig. 1) . During folding the three glucose residues at the A-branch of the carbohydrate chain [11] are cleaved off [52, 53] . After cleavage of the first two glucose residues the protein is a substrate of the mammalian calnexin/calreticulin chaperone system, which is able to keep on folding of the protein moiety until the third glucose residue is cleaved off [8, [54] [55] [56] . Subsequently, two α-mannosidases, Mns1 [52, 57] and Htm1/Mnl1 [58, 59] , remove two defined mannose residues, creating an α-1,3 mannose linkage at the B-Branch and an α-1,6 mannose linkage at the C-branch of the carbohydrate chain, respectively [11] .The moment the mannosidase residues are cleaved off, the protein is determined for elimination [9, 11, [60] [61] [62] . When a protein is not properly folded upon removal of the third glucose residue in the first round, in contrast to yeast, in mammalian cells an UDP-glucose: glycoprotein glucosyltransferase prolongs the folding cycle of a protein by adding a glucose residue onto the yet not mannose processed glycan [62] [63] [64] .
The α-1,6 mannose linkage created by Htm1/Mnl1, which is recognized by the lectin Yos9, represents a signal to remove the protein [65] . The C-terminus of Htm1/Mnl1 is able to interact with protein disulfide isomerase Pdi1, which has been previously shown to recognize terminally misfolded proteins and target them to retro-translocation [58, 66] . Recognition of the misfolded protein and the reduction of disulfide bonds might here be the major tasks of Pdi1. Yos9 contacts an ER membrane anchored chaperone, Hrd3, which is able to recognize non-folded protein patches. They together deliver the misfolded protein in a yet unknown fashion to a channel, which allows movement of the misfolded protein across the membrane to the cytoplasmic side of the ER with concomitant ubiquitylation by the Hrd1/Der3 ligase. A similar mechanism with some variations is proposed for the mammalian Yos9 orthologues, OS-9 and XTB3-B, which connect to the mammalian ubiquitin ligase machinery HRD1-SEL1L, the orthologous machinery of yeast Hrd1/Der3-Hrd3 [67] [68] [69] [70] [71] [72] . In mammalian cells a machinery consisting of the Pdi1 orthologue ERdj5, the Htm1/Mnl1 mannosidase orthologue EDEM1 in conjunction with the chaperone BiP prepares misfolded protein for retro-translocation [73, 74] . In yeast, the channel through which misfolded proteins pass, could be part of a retrotranslocation complex, which consists of the six transmembrane spanning ER ligase Hrd1/ Der3, the Hrd3 chaperone and the linker protein Usa1, which recruits a four transmembrane protein, Der1, to the assembly. Also the translocon protein Sec61 is thought to be part of this membrane assembly and the retro-translocation process [49, [75] [76] [77] [78] . Even though there are many speculations about the nature of the retrotranslocation channel [79] [80] [81] , there is no proof of its identity so far.
The second ERAD recognition pathway, ERAD-C, is characterized by the discovery of membrane proteins retained in the ER, which expose their misfolded domains to the cytoplasm. The polytopic ER-membrane localized ubiquitin ligase, Doa10 in yeast, TEB4 (MARCH-IV) in mammalian cells, is here the major player [28, 29, 34, 39] . Recognition of the misfolded domain in the cytoplasm occurs via Hsp70-Hsp40 chaperones. In yeast the Hsp70 Ssa-family and the Hsp40's Ydj1 and Hlj1 are prominent helpers [8, 32] .
Once the misfolded proteins are polyubiquitylated, on the outer surface of the ER membrane, the pathways merge at an ATP driven molecular machine, the AAAtype-ATPase Cdc48 (p97/VCP in mammals). In yeast, the machine is recruited to the ERAD ligases by the membrane anchor protein Ubx2 [82, 83] . The functional equivalents of yeast Ubx2 in mammalian cells are UBXD2 and UBXD8 [84, 85] . The mammalian ligases HRD1 and gp78, in contrast to the yeast equivalent Hrd1/Der3, possess Cdc48 binding motifs by themselves being also able to recruit the ATPase machine to the ER membrane [86, 87] .
The Cdc48 machine
The Cdc48 gene was first identified in a genetic screen in yeast when searching for conditional mutations affecting the cell cycle (cdc: cell division cycle) [88] . Sequencing of the gene uncovered a protein of 92 kDa molecular mass [89] . The protein has been found to function in a multitude of cellular processes [90, 91] , however, the best understood is its function in ERAD. Cdc48 forms a homohexameric complex composed of six protomers. Each subunit is composed of an N-terminal domain followed by two conserved AAA domains (D1 and D2) and an unstructured C-terminus (Fig. 2) . The overall architecture of the Cdc48 complex can be viewed as two stacked hexameric rings, which are formed by the D1 and D2 domains of the 806 amino-acids containing protein [92] [93] [94] [95] . Assembly of the homohexameric Cdc48 complex seems to depend on the D1 domains. Nucleotide is not required for the assembly process [94, 95] . The two AAA domains contain the conserved nucleotide binding (Walker A) and hydrolysis (Walker B) motifs. They also contain a second region of homology (SRH), which is required for efficient ATP hydrolysis. ADP is preferentially bound to D1. D2 interacts with different nucleotides. It is the function of Cdc48 to perform mechanical work, which is fueled by ATP hydrolysis. This ATP hydrolysis causes global conformational changes of the complex, which result in open and closed conformations of the D1 and D2 rings [94, 96, 97] . The Cdc48 hexamer contains 12 ATPase active sites. Due to the low ATPase activity of the D1 domains, the bulk of ATPase activity is exerted by the D2 domains [97] . However, this changes under heat shock conditions under which also the D1 domains gain strong ATPase activity. The conformational changes of the Cdc48 complex are transmitted to the proteins bound. However, it is still quite unclear how Cdc48 works mechanistically. The substrate may either be threaded through the central pore of the Cdc48 complex or, alternatively, loop into this pore and leave it again [98] . The D1 ring is relatively narrow. The D2 ring, however, is wider and contains twelve arginine residues. This arginine "collar" resembles the calculated protein denaturing power of about 8 M guanidine. The arginine collar together with a pair of phenylalanine and tryptophane residues just next to the denaturation collar might be responsible for protein unfolding [99] . Some studies consider it unlikely that ubiquitylated proteins as are ERAD substrates pass the D1 pore [99] . It would still be possible that they enter the D2 pore and leave between the D1 and D2 ring. As ubiquitin is a thermodynamically stable protein this model would predict de-ubiquitylation prior to entry and re-ubiquitylation after exit of the substrate. Actually, Cdc48 cofactors able to perform this work are present, for instance in yeast in form of the de-ubiquitylating enzymes Otu1 and Ufd3 and the E4 ubiquitin chain elongating ligase Ufd2, which may contain a yet uncharacterized E3 ubiquitin ligase activity [100, 101] . Indeed, the degradation of some ERAD substrates in yeast [36, 102] and mammals [103] requires these activities. However, not all ERAD substrates of yeast tested so far require Otu1 or Ufd2 activity. A recent study on mammalian ERAD gave support for the idea, that substrates, after de-ubiquitylation, might be threaded through the narrow pore of Cdc48 and subsequently reubiquitylated for proteasomal targeting [104] . Future experiments must clarify the mechanism of how Cdc48 pulls the ubiquitylated misfolded proteins away from the ER membrane prior to delivery to the proteasome. Ataxin-3, a Cdc48 associated de-ubiquitylating enzyme, mutated in type-3 spinocerebellar ataxia, has also been shown to be involved in efficient elimination of misfolded ER protein [105, 106] . It is speculated that ataxin-3 acts as an ubiquitin chain editing enzyme, promoting Cdc48 associated de-ubiquitylation to facilitate transfer of misfolded proteins from Cdc48 to the proteasome [105] . Ataxin-3 has also been suggested to negatively regulate retrograde protein translocation in ERAD [106, 107] . Obviously, the precise role of ataxin-3 in ERAD has still to be elucidated.
The cellular functions of the Cdc48 complex and thus its function in ERAD are critically dependent on a multitude of regulatory cofactors (Fig. 3) . Topologically they can be grouped into N-domain binding or C-domain binding [107] [108] [109] . Functionally they can also be grouped into two classes: substrate-recruiting-and substrate-processing cofactors [100, 107] . A substrate recruiting cofactor dictates the pathway in which Cdc48 acts (i.e. ERAD). Binding of a substrate processing cofactor defines the fate, which the bound substrate is destined to (in the case of ERAD, degradation). The most important substrate recruiting cofactors known so far are p47 and the Ufd1-Npl4 heterodimer [107] [108] [109] .
Binding of these two cofactors is mutually exclusive. P47 has been found to link Cdc48 to homotypic membrane fusion [110] , while Ufd1-Npl4 was discovered to direct Cdc48 to ER-associated degradation of misfolded proteins [14, 16, 17, 101, 107] .
Cdc48 in ERAD
The involvement of Cdc48 and its cofactor dimer Ufd1-Npl4 in ERAD was detected first in yeast using genetic and biochemical techniques [111] [112] [113] [114] [115] . Using CPY* as a substrate [41] as well as ERAD-prone MHC class I heavy -or immunoglobulin chains resulted in the observation that a defective Cdc48-Ufd1-Npl4 complex fails to remove the misfolded proteins from the ER and prevents their proteasomal degradation [111] [112] [113] 116] . This led to the proposal that the Cdc48-Ufd1-Npl4 complex is a "ratcheting machine" [101] unwinding misfolded proteins away from the ER membrane or a "segregase" segregating proteolysis-prone molecules form the ER membrane [114] . This motor work is exerted via ATP driven domain motions, which generate the mechanical force to "extract" and retro-translocate the respective misfolded protein from the ER membrane [100, 101, 107, 114] . As found in budding yeast, the Cdc48 complex in conjunction with the Ufd1-Npl4 heterodimeric cofactor is recruited to the ERAD machinery with the help of the UBX domain protein Ubx2 [82, 83] .
Recently, a homologue of the four transmembrane spanning Der1 protein [117] , the founding member of the mammalian Derlins, was found in yeast and named Dfm1 (Der1 family member1) [118] . Besides forming complexes with both ER ligases, Hrd1 and Doa10, Dfm1 forms a complex with Cdc48 on its own via its SHP boxes [119, 120] . Dfm1 is required for ERAD of certain substrates [119] . However the function of the Dfm1-Cdc48 complex in this process is not known yet.
It is also not yet fully established, if Cdc48 first interacts with a non-modified peptide stretch of the retro-translocated misfolded protein with subsequent ubiquitylation taking place to prevent back-sliding into the ER membrane [121, 122] . Extracted ubiquitylated substrate proteins are further delivered to ubiquitin receptors (e.g. Dsk2, Rad23), which connect to the proteasome and guide the substrates to degradation [102, 123] . Cdc48 and its cofactors Ufd1 and Npl4 from mammals contain intrinsic ubiquitin binding activity [101] . Npl4 from yeast is devoid of this activity due to the absence of a putative Zn-finger motif (NZF) present in mammalian Npl4 [124] (Fig. 3) . As expected, mutations in all three components of the ternary Cdc48-Ufd1-Npl4 complex abrogate ERAD [111, 112] . Only one Ufd1-Npl4 heterodimer binds to one Cdc48 hexamer, whereby Npl4 interacts with Cdc48 via its UBX-related UBD domain and Ufd1 binds Cdc48 via a BS1 domain [125] . This leaves further Ubx binding domains unoccupied on the hexameric Cdc48 complex [126] and with this, space is available for the association with additional UBX proteins to modify function and activity of the ternary Cdc48-Ufd1-Npl4 complex. Besides Ubx2, which recruits the Cdc48-Ufd1-Npl4 complex to the ER membrane (see above), Ubx4 has been shown to bind Cdc48, modulating the activity of the complex [127] : Ubx4 bound Cdc48 does not contain Ubx2. Furthermore, absence of Ubx4 leads to a massive accumulation of ubiquitylated proteins and a disturbed ERAD process [127] . Possibly, release of the poly-ubiquitylated material from the Cdc48-Ufd1-Npl4 complex is disturbed when Ubx4 is absent. Recently a yet uncharacterized yeast protein, Ydr49 and renamed VCP/Cdc48-associated mitochondrial stress responsive protein, Vms1, has been shown to interact with Cdc48 [128] [129] [130] . Vms1, like Ufd1, is a soluble protein but it excludes Ufd1 from simultaneous binding to Cdc48 [129] . Vms1 was shown to be involved in degradation of yeast expressed cystic fibrosis trans-membrane conductance regulator [130] . As Ubx4, Vms1 seems to have a function after the ubiquitylation reaction of ERAD substrates in the release of these ubiquitylated species from the Cdc48 complex. Interestingly, a genetic interaction between the UBX4 and VMS1 genes was observed and a double deletion exhibited an additive effect in stabilizing the standard misfolded luminal protein CPY* [130] . Recent studies in mammalian cells indicate that the retro-translocation function of Cdc48 is not exclusively linked to the ternary Cdc48-Ufd1Npl4-complex. ERAD may consist of several sub-pathways, which are driven by distinct Cdc48 complexes. A study on the cytomegalovirus (HCMV) induced degradation of major histocompatibility complex class I heavy chain (MHC class I HC) by the viral protein US2 [131] revealed the pathway to be independent of Ufd1 [132] . In contrast, the ERAD pathway of the HCMV protein US11 driven degradation of MHC class I HC [133] is dependent on the canonical ternary Cdc48-Ufd1-Npl4 complex. Both pathways also rely on different E3 ligases. While US11 triggered degradation of MHC-class I HC is initiated by the HRD1 ligase in conjunction with the Der1-like protein Derlin-1, the US2 driven degradation of MHC class I HC depends on the TRC8 ligase without the participation of Derlin-1 [134] . The two pathways also differ in their requirement for the mammalian Ubx2 orthologue UBXD8: This adaptor, recruiting Cdc48 to the ER membrane is only required for viral US11 driven, HRD1 dependent degradation of MHC class I HC [84] . Based on the idea that Npl4 can only bind to Cdc48 when Ufd1 is present [125] , it was assumed that the Ufd1-Npl4 heterodimer as such is not involved in Cdc48 triggered retro-translocation of MHC class I HC upon action of the viral US2 protein. However, a recent study indicates that Npl4 by itself can work together with Cdc48 without the need of Ufd1 [135] . When comparing the tested ERAD pathways on the basis of the E3 ligases involved, the studies suggest that HRD1 mediated ERAD requires the well established ternary Cdc48-Ufd1-Npl4 complex (as does HMC class I HC degradation driven by the viral US11 protein, see above), while gp78 mediated ERAD requires only the Cdc48-Npl4 dimer [135] . This gives indication that Cdc48 is able to interact with both cofactors, Ufd1 and Npl4, independently. It has actually been shown that Npl4 has a weak Cdc48 interaction site, which can be activated by a small region in Ufd1 [125] . At the moment it is unclear, which other factor can take over this activating function of Ufd1 to allow formation of a dimeric Cdc48-Npl4 complex and trigger Ufd1 independent degradation of gp78 substrates [135] .
ERAD of the misfolded N-glycosylated protein, CPY* (see above), led to the surprising observation that the protein is retro-translocated across the ER membrane into the cytosol in its fully glycosylated form [41] . The carbohydrate chain of such N-glycosylated misfolded proteins is cleaved off in the cytosol prior to proteasomal degradation via a peptide: N-glycanase (PNGase) [131, 136] . In yeast the enzyme was found to associate with the proteasome via the ubiquitin receptor protein Rad23 [137] , which is thought to take over the ubiquitylated proteins from Cdc48 to deliver them to the proteasome [123] . In contrast to yeast Png1, mammalian PNGase contains an N-terminally localized PUB (peptide: N-glycanase UBA or UBX containing protein) domain [138] [139] [140] . As shown in mice, the PUB domain links the enzyme to the ten C-terminal amino acids of Cdc48 [141] . The penultimate tyrosine residue of Cdc48 (Tyr805 in mouse Cdc48) can be phosphorylated. This phosphorylation abolishes binding of the PUB domain to the Cdc48 complex, leading to failure of the AAA-ATPase machine to bind PNGase. In vitro and in vivo studies indicate Src kinase to be responsible for phosphorylation of Tyr805 of Cdc48. In case of one ERAD substrate, TCR-α-GFP, inhibition of degradation was shown due to this phosphorylation event. These studies suggest that one way to regulate degradation of glycosylated misfolded proteins in mammalian ERAD rests in this phosphorylation step of Cdc48 [141, 142] . It is, however, unclear which function the inhibition of ERAD at the stage of deglycosylation on the Cdc48 machine might have.
Conclusions and perspectives
Cdc48 has turned out to be an ATP driven machine in eukaryotes, which functions in many cellular processes. They range from cell cycle progression (the process of its original discovery) chromatin remodeling, DNA damage response, transcriptional and metabolic regulation, homotypic membrane fusion, selective autophagy to ERAD and cell death [90, 100, [143] [144] [145] [146] . As expected from a central cellular motor, its presence is essential for life and mutations lead to severe diseases [90, 146] . The only up to now well documented molecular mechanism of Cdc48 rests in its ratcheting or segregase function in proteolytic processes of which its involvement in ERAD is the best documented. However, also here the exact mechanistic details of this machine still await elucidation. What happens right after appearance of a piece of a misfolded ER luminal protein on the surface of the ER membrane in the ERAD-L pathway? Does the Cdc48-Ufd1-Npl4 complex first bind an unfolded patch of the protein to allow subsequent polyubiquitylation by the ER ligase and to prevent back-sliding of the molecule into the ER lumen [121] ? At what point does the Cdc48-Ufd1-Npl4 machine recognize an ER membrane bound misfolded protein of the ERAD-C pathway to be removed? How does ATP hydrolysis alter the structure of the machine to allow mechanic movement of the protein chain? Does this mechanic movement actually occur by driving a chain through the narrow pore of Cdc48 formed by the D1 and D2 rings (whereby prior to passage through the pore deubiquitylation is required and after passage reubiquitylation of the chain must take place) or does unfolding and movement of the protein chain only occur in a hole formed by the D2 ring? Is for different ERAD substrates a different processing of the polyubiquitin chain required for which Cdc48 serves as a platform? How does the Cdc48-complex hand over the polyubiquitylated proteins to the downstream components for final proteasomal degradation? How do the many cofactors of Cdc48 support the function of the machine? Also, the molecular mechanism of Cdc48 in most of the cellular processes it is involved in, is completely unclear. Does its main function also reside here in protein delivery to the ubiquitin proteasome system for degradation? It is obvious that this molecular power machine will keep scientists busy for many years to come.
